To test the hypothesis that the simultaneous administration of GLP-1 and insulin may increase their vasodilatory, antiinflammatory, and antioxidant action in type 2 diabetes.
Recent evidence has demonstrated that insulin has a vasodilatory and antiinflammatory action in humans (1) . One of the possible mechanisms involved in these actions seems to be related to the antioxidant property of insulin (2, 3) .
Apart from the well-documented incretin effect of glucagon-like peptide 1 (GLP-1), its role in the cardiovascular system also arouses interest. GLP-1 has a direct action on the endothelium (4) , and it has been demonstrated that it improves endothelial function (5, 6 ) and inflammation (6, 7) in diabetes, possibly increasing the antioxidant defenses of the endothelium (8) and decreasing oxidative stress generation (6, 7) .
The combination of basal insulin and GLP-1 is now proposed for the management of type 2 diabetes (9), while a recent report has shown that GLP-1 can enhance the vasodilatory effect of insulin in subjects with the metabolic syndrome (10) .
Based on this evidence, the therapeutic option of combining insulin and GLP-1 may have a significant impact on the cardiovascular risk profile of type 2 diabetic patients. The aim of this study was to evaluate the effect of adding GLP-1 to normal and increased insulin plasma levels, during both normo-and hyperglycemia, on several markers of endothelial function, inflammation, and oxidative stress.
RESEARCH DESIGN AND METHODS
Two groups of 12 matched type 2 diabetic patients participated in the study. Baseline characteristics of the study groups are shown in Table 1 . The study was approved by one of the ethics committees of our institutions, and written consent from the study subjects was obtained.
Ten patients were on diet alone, and the other 14 patients were on metformin, which was discontinued at least 4 weeks before the study. In none of the type 2 diabetic patients was retinopathy, nephropathy, or neuropathy present. Five patients had hypertension treated with an ACE inhibitor, which was withheld on the study days. None of the subjects were on statin or antioxidant supplementation.
Synthetic GLP-1 (7-36)amide was purchased from PolyPeptide Laboratories (Wolfenbuttel, Germany), and the same lot number was used in all studies.
Study Design
Subjects were admitted to the research center the evening before the experiment. All subjects received an evening meal and received a continuous lowdose infusion of insulin to normalize plasma glucose. The insulin infusion was adjusted overnight to maintain blood glucose between 4.4 and 7.2 mmol/L and stopped 2 h before the start of each experiment.
After a 12-h overnight fast, subjects were placed in a supine comfortable position with a room temperature between 208 and 248C. Intravenous lines were inserted into a large antecubital vein of one arm for infusions and into a dorsal vein of the contralateral arm for blood sampling. Patency was preserved with a slow saline infusion (0.9% NaCl). The study began after the subjects had rested for 30 min.
Octreotide infusion (25 mg i.v. bolus followed by a 0.5 mg/min infusion, Longastatina; Italfarmaco, Milan, Italy) to block the release of endogenous insulin was started 5 min before the priming glucose pulse and was interrupted at the end of the clamp.
Group 1 had, in a randomized order and on different days, with at least a 1-week interval, two normoglycemicnormoinsulinemic clamps (11) (glucose infusion to maintain the concentration of 5 mmol/L), with or without GLP-1, and two normoglycemic-hyperinsulinemic clamps (insulin infusion 0.1 mU/kg/min and constant glucose infusion to maintain the concentration of 5 mmol/L) with or without GLP-1.
Group 2 had, in a randomized order and on different days, with at least a 1-week interval, two normoglycemicnormoinsulinemic clamps (glucose infusion to maintain the concentration of 15 mmol/L), with or without GLP-1, and two normoglycemic-hyperinsulinemic clamps (insulin infusion 0.1 mU/kg/min and constant glucose infusion to maintain the concentration of 15 mmol/L) with or without GLP-1.
All experiments lasted 2 h. GLP-1 was infused at a rate of 0.4 pmol z kg 21 z min 21 , according to the methodology of Nauck et al. (12) .
At baseline and at 1 and 2 h, plasma glucose, flow-mediated dilatation (FMD), nitrotyrosine, plasma 8-iso-prostaglandin F2a (8-iso-PGF2a), soluble intercellular adhesion molecule (sICAM-1), and interleukin (IL)-6 were measured.
Biochemical and Clinical Measurements
Cholesterol, triglycerides, HDL cholesterol, LDL cholesterol, and plasma nitrotyrosine were measured according to the methodology of Ceriello et al. (13) . Plasma glucose was measured by the glucose-oxidase method, HbA 1c by high-performance liquid chromatography and insulin by microparticle enzyme immunoassay (Abbott Laboratories, Wiesbaden, Germany). 8-iso-PGF2a Endothelial function at macrovascular level was evaluated by measuring the FMD of the brachial artery (6,7). The examination was carried out in a temperature and light-controlled room on subjects who were lying comfortably flat on a couch. Brachial arteries in this study were imaged with a standard ultrasound system (Vivid 7 ECHO machine; GE Vingmed System V) connected with a 12 MHz linear transducer probe. The ultrasound system was connected to a personal computer equipped with a frame grabber and artificial neural network wall detection software (vessel image analysis). Brachial artery FMD was determined using protocol similar to published studies (6, 7) .
At the end of the study each day, 250 mg sublingual glyceryl trinitrate was administered to assess endothelium-independent vasodilatation. The intraobserver variability for repeated measurements of resting arterial diameter was 0.02 6 0.02 mm.
Statistical Analysis
The sample size was selected according to previous studies (5) (6) (7) 10) . Data are expressed as means 6 SE. The Kolmogorov-Smirnov algorithm was used to determine whether each variable had a normal distribution. Comparisons of baseline data among the groups were performed using unpaired Student t test or Mann-Whitney U test where indicated. The changes in variables during the tests were assessed by twoway ANOVA with repeated measures or Kolmogorov-Smirnov test where indicated. If differences reached statistical significance, post hoc analyses with twotailed paired t test or Wilcoxon signed rank test for paired comparisons was used to assess differences at individual time periods in the study. Statistical significance was defined as P , 0.05.
RESULTS

Normoglycemic Clamps
In normoglycemic-normoinsulinemic conditions, all of the parameters remained unchanged (Fig. 1) . During the normoglycemic-hyperinsulinemic clamp, FMD increased, while sICAM-1, 8-isoPGF2a, nitrotyrosine, and IL-6 decreased compared with normoglycemicnormoinsulinemic clamp (Fig. 1) . GLP-1 infusion during the normoinsulinemicnormoinsulinemic clamp also increased FMD, and decreased sICAM-1, 8-isoPGF2a, nitrotyrosine, and IL-6 compared with normoglycemic-normoinsulinemic clamp (Fig. 1) . The combination of hyperinsulinemia and GLP-1, in normoglycemia, was accompanied by a further FMD increase and sICAM-1, 8-iso-PGF2a, nitrotyrosine, and IL-6 decrease (Fig. 1) .
During the normoglycemicnormoinsulinemic clamp, the glucose infusion rate (GIR) was 3.2 6 0.4 mg/kg/min and 3.5 6 0.5 mg/kg/min adding GLP-1 (P = NS). During the normoglycemichyperinsulinemic clamp, GIR was 4.3 6 0.6 mg/kg/min and 4.7 6 0.5 mg/kg/min adding GLP-1 (P = NS).
Hyperglycemic Clamps
During the hyperglycemic-normoinsulinemic clamp, FMD significantly decreased, while sICAM-1, 8-iso-PGF2a, nitrotyrosine, and IL-6 significantly increased (Fig. 2) . When hyperglycemia was accompanied by hyperinsulinemia or by the simultaneous infusion of GLP-1, all these phenomena were significantly attenuated: FMD decreased less, while sICAM-1, 8-iso-PGF2a, nitrotyrosine, and IL-6 were less increased (Fig. 2) . The simultaneous presence of hyperinsulinemia and infusion of GLP-1 had even better effect (Fig. 2) .
During the hyperglycemic-normoinsulinemic clamp, GIR was 4.5 6 0.3 mg/kg/min and 4.4 6 0.4 mg/kg/min adding GLP-1 (P = NS). During the hyperglycemic-hyperinsulinemic clamp, GIR was 6.1 6 0.5 mg/kg/min and 6.4 6 0.2 mg/kg/min adding GLP-1 (P = NS). Endothelial-independent vasodilatation was not affected in any of the experiments (data not shown).
CONCLUSIONS
This study confirms that both insulin and GLP-1 have a vasodilatory, antiinflammatory, and antioxidant action (1-7) . However, in this study, for the first time in type 2 diabetes, we show that when GLP-1 and insulin are simultaneously infused their vasodilatory, antiinflammatory, and antioxidant action is enhanced. It is worthy of interest that the effect of GLP-1 is almost equivalent to that of hyperinsulinemia and is present in both normo-and hyperglycemia.
Our data are partially in the same direction of the work of Tesauro et al. (10) , which showed an enhancement of the vasodilatory action of insulin by GLP-1 in the metabolic syndrome. In the study of Tesauro et al. (10) , GLP-1 was active in improving vasodilation only in the presence of hyperinsulinemia, while our study confirms that GLP-1 has a direct effect on endothelial function even in normoinsulinemia. In the same direction is the evidence that GLP-1 can induce endothelial vasodilation in normal subjects (14) . Moreover, it is worthy of interest that in the study of Tesauro et al. (10) , a lack of the effect of GLP-1 was reported in the obese subjects without the metabolic syndrome (10) . A possible explanation is that people with the metabolic syndrome differ from other people, responding differently to GLP-1, as also suggested by Tesauro et al. (10) .
It must also be underlined that in our study, GLP-1 was infused systemically, whereas in the study of Tesauro et al. (10) it has been given locally. Therefore, other potential factors might have been involved in the effects of GLP-1 on endothelial function.
Furthermore, our study shows that the antiinflammatory and antioxidant action of insulin and GLP-1 is also enhanced when they are acutely administered in type 2 diabetes. Evidence is cumulating showing that both insulin and GLP-1 alone have such characteristics (1-7) ; however, in our opinion, the possibility that when they are combined the single property of each of them is amplified is very interesting for the possible clinical implications.
The combination of insulin and GLP-1RA analogs is today receiving a lot of attention as a possible therapeutic choice for the management of type 2 diabetes (9). The evidence that this combination cannot only improve the metabolic control but also significantly impact on the cardiovascular risk profile of the diabetic patients is certainly of great interest. Of course, specific clinical trials are needed to confirm the usefulness of this therapeutic possibility.
The mechanism by which GLP-1 and insulin reciprocally enhance their properties remains speculative.
In diabetes, but not only in diabetes, it has been suggested that oxidative stress can favor the appearance of endothelial dysfunction and inflammation (15, 16) . Both insulin and GLP-1 have an antioxidant property, which, however, follows different paths: insulin reduces free radical production (1), while GLP-1 increases the intracellular antioxidant defenses (8) . Therefore, even though clearly this is not the only possible explanation, it could be hypothesized that when they are combined the final antioxidant effect is enhanced. This may result in a greater reduction of the oxidative stress, leading to a greater decrease of inflammation and to a better improvement of the endothelial dysfunction.
A possible interference of the somatostatin analog in our study could be hypothesized. Annamalai et al. (17) recently reported that chronic treatment (24 weeks) with a somatostatin analog, lanreotide, improved endothelial function in patients with newly diagnosed acromegaly. The study, therefore, reports a possible effect of somatostatin and its analogs on endothelial function when chronically administered. However, there are several studies reporting that somatostatin and its analogs do not have any effect on endothelial function when acutely administered (18) (19) (20) . Therefore, a possible direct effect of somatostatin in our study can be convincingly excluded.
There was a slight difference in GIR between the experiments. This would mean a higher "glucose turnover" that in itself could be of relevance for endothelial dysfunction or its improvement. However, in our opinion, a higher glucose turnover is not supposed to ameliorate endothelial dysfunction. On the contrary, higher intracellular concentrations of glucose, according to the available literature (15) , could mean increased intracellular oxidative stress. In this respect, we believe that our results are further strengthened.
In conclusion, this study shows, for the first time, that GLP-1 and insulin reciprocally enhance their vasodilatory, antioxidant, and antiinflammatory action, suggesting a further rationale for using their combination in the clinical practice.
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